Background: Southern rice black-streaked dwarf virus (SRBSDV) threatens rice production in China and Vietnam. The virus is vectored by the migrating white-backed planthopper (WBPH, Sogatella furcifera) in a circulative, propagative, and persistent manner. A persistently-transmitted plant virus might affect its vector's development and fecundity directly by infecting the vector itself and/or indirectly altering the host plant. This study evaluated the direct and indirect effects of SRBSDV on WBPH performance to better understand the virus-vector-host plant relationship in terms of its effects on the biological parameters of the vector. Methods: Three experimental WBPH populations were established. Viruliferous and non-viruliferous populations were fed on SRBSDV-infected rice seedlings for 48 h as first-instar nymphs; infection status was confirmed by RT-PCR after they died. The control population was fed on healthy rice. Each insect was individually transferred to a healthy rice plant grown in a glass tube at 20°C, 25°C, or 28°C. Life parameters, including nymphal duration, survival rate, adult sex ratio, macropterous proportion, longevity, and oviposition amounts, of each population were measured at each temperature.
Introduction
Southern rice black-streaked dwarf virus (SRBSDV) is a novel species in the genus Fijivirus, family Reoviridae, proposed by Zhang et al. [1] and Zhou et al. [2] in 2008. The viral particles are icosahedral, double-layered virions with a diameter of approximately 70 nm and contain ten double-stranded RNA (dsRNA) genomic segments named S1 to S10 [3] . This virus, first found in Guangdong Province, China, has spread rapidly throughout southern China and northern Vietnam, and poses a great threat to rice production in these areas.
The white-backed planthopper (WBPH, Sogatella furcifera, Delphacidae, Hemiptera), a typical large-scale migratory rice pest in Southeast Asia, is currently the only confirmed vector of SRBSDV. The virus can abundantly propagate in the insect body and is transmitted by WBPH in a persistent manner, but cannot be transmitted through eggs [2] . Pu et al. [4] reported that 83% of the second-generation population of WBPH adults propagated on SRBSDV-infected rice plants became viruliferous. The minimum virus acquisition and inoculation access periods were 5 and 30 min, respectively, for both WBPH nymphs and adults, and the circulative transmission period of the virus in WBPH ranged from 6-14 days [4] . Most viruliferous individuals transmitted the virus with intermittent periods ranging from 2-6 days, and a single viruliferous individual could transmit it to 8-25 rice plants within a 5-day period [4] . WBPH can transmit SRBSDV from rice to maize seedlings, but it rarely acquires the virus from infected maize [5] .
A disease cycle of the SRBSDV-caused rice disease was proposed by Guo et al. [6] . Briefly, SRBSDV and its vector, WBPH, overwinter in a warm tropical or sub-tropical area. The viruliferous WBPH adults bring the virus from south to north (in the Northern Hemisphere) through their migration in early spring, transmit it to rice seedlings in the newly colonized area, and lay eggs. The nymphs hatch and feed on the infected seedlings, and a high proportion of the next generation of WBPHs become viruliferous. Their dispersal leads to secondary infections of the virus and severe outbreaks of the viral disease.
SRBSDV can be considered an insect virus because it circulates and propagates within WBPH. Ultra-thin section electron microscopy showed that a large amount of virions were found in the midgut, coelom, and salivary gland of viruliferous WBPHs [7] . Studying the virus' effects on its vector is crucial to better understanding its epidemiology and to designing control strategies [8, 9] .
In recent years, increasing attention has been paid to the virus-vector-host plant relationship, especially to the interactions between vector and virus. A virus may have favorable, neutral, or adverse effects on its vector, either directly via infection or indirectly via virus-induced alterations, such as morphological or nutritional changes, in the host plant [10, 11] . However, the nature of the interaction between SRBSDV and WBPH is still unclear.
In this study, we established three experimental populations of WBPH: viruliferous and non-viruliferous populations fed on virus-infected rice and a control population fed on healthy rice. The life parameters of the three populations were measured at three temperatures and comparatively analyzed to reveal the influences of SRBSDV and the infected rice on WBPH, gain insight into epidemical mechanism of the virus and provide theoretical support for disease-controlling strategies.
Materials and methods

Tested plants, virus, and insects
The rice cultivar Taichung Native 1 (TN-1) was used in this study. Water planting of the rice was conducted according to Yoshida et al. [12] . Briefly, the seeds were germinated and sown in a 2-L beaker filled halfway with culture solution till the two-leaf seedling stage. A number of seedlings in uniform size were selected and individually transferred into culture tubes (2.5 cm in diameter, 25 cm in length). The roots of each seedling were wrapped in a sponge strip and immersed in the culture solution. The seedlings were cultured in a growth chamber at 27 ± 1°C, under relative humidity of 75 ± 5% and photoperiod of 14 h light/10 h dark.
The SRBSDV isolate was collected from infected field rice in Guangzhou, Guangdong Province, China, and confirmed by RT-PCR. The virus was transmitted by WBPH to, and maintained on, rice plants grown in insect-proof greenhouses.
WBPH adults were collected from healthy field plants in Guangzhou and propagated on healthy TN-1 plants grown in insect-proof greenhouses at 27 ± 1°C, under relative humidity of 75 ± 5% and photoperiod of 14 h light/10 h dark. SRBSDV cannot be transmitted via WBPH eggs. To confirm that WBPH were not viruliferous, the offspring (second generation) of the virus-free original insects (confirmed by RT-PCR after they died) were reared on the same plants until the fourth instar. Twenty of them were selected and raised on healthy rice seedlings in culture tubes and then transferred to tillering healthy plants after eclosion. From this population, six pairs of newly-emerged third-generation males and females were placed on a healthy plant to mate and reproduce. Their offspring (the fourth generation) were used in this study.
Measurement of the life parameters of WBPH
The three largest groups of newly-hatched, fourthgeneration nymphs were chosen for the following experiments at 20°C (below the optimal growth temperature, OPT), 25°C (the OPT) and 28°C (above the OPT). For each group, about eighty nymphs were placed on tillering SRBSDV-infected rice plants (inoculated at the three-leaf stage and infection confirmed by RT-PCR) for 48 h. Forty nymphs were fed on healthy plants for 48 h as the control. After feeding, each nymph was individually transferred to a healthy rice seedling at the three-leaf stage in a glass tube in a growth chamber under the conditions described above. Observations were recorded every 12 h to monitor the ecdysis process of the insects until their eclosion to the adult stage. Data included the duration and death rates of each instar. The adult sex ratios and proportion of macropterous individuals were calculated after eclosion. The newly obtained female and male adults were randomly paired and transferred to tillering healthy plants for mating and oviposition. Observations of hatching began 5 d later. Nymph numbers were recorded daily until no new nymphs were observed for three consecutive days. Then, the numbers of unhatched eggs in the stalks were counted, and oviposition and hatching rates were calculated.
Every tested WBPH individual was subjected to RT-PCR after its death, regardless of developmental stage, to detect SRBSDV. Each insect fed on a diseased plant was assigned to either a viruliferous or a nonviruliferous population, based on its RT-PCR result. The WBPH fed on healthy plants were defined as the control population. These three populations were statistically compared. To analyze survival rate, proportion of macropterous insects, and adult sex ratio, each population was equally (or nearly equally) and randomly divided into three groups to allow the comparison of mean percentage values among populations.
Virus detection by RT-PCR
SRBSDV in rice plants or WBPHs was detected using the duplex RT-PCR method described by Wang et al. [13] . Briefly, total RNA was extracted from 0.1 g of rice leaf tissue or from an individual WBPH and amplified by RT-PCR using two pairs of primers (5′-TTACAACTG GAGAAGCATTAACACG-3′/5′-ATGAGGTATTGCGT AACTGAGCC-3′ and 5′-CGCGTCATCTCAAACTAC AG-3′/5′-TTTGTCAGCATCTAAAGCGC-3′) and a One
Step RNA PCR kit (AMV) (TaKaRa, Dalian, China) following the manufacturer's protocol. The sizes of the two expected amplicons were 819 and 682 bp.
Statistical analysis
Data from the viruliferous, non-viruliferous, and control populations were expressed as means ± standard errors. Percentage data were arcsine square root transformed before being used for an analysis of variance. The Student-Newman-Keuls test (SNK or q-test), or the Student's t-test if necessary, was used to detect significant differences at the P = 0.05 level between populations with DPS software (ver. 9.5) (Data Processing System, Fujitsu Ltd., China).
Results
Effects of SRBSDV and infected rice plants on nymphal duration and survival of WBPH
In the viruliferous population, each nymphal instar and, consequently, the whole nymphal period, lasted longer than in the control at 20°C, but the durations were equal at 25°C and 28°C (Table 1 ). Compared to the control, the non-viruliferous had significantly longer second instar, third instar, and total nymphal period at 20°C and longer third and fourth instars at 25°C, but not at 28°C. The viruliferous and the non-viruliferous populations had similar total nymphal periods and, in most cases, instar durations at all three temperatures. These results indicate that temperature had a greater effect on nymphal duration when first-instar WBPH were fed on diseased rice for 48 h.
In comparison with the control, the viruliferous population at 20°C had significantly lower survival rates in their nymphal period, whereas the non-viruliferous population had significantly higher survival rates (Figure 1 ). At 25°C, none of the populations differed significantly in survival rate until the fifth instar, which the viruliferous insects had higher mortality. The viruliferous population at 28°C had a significantly higher survival rate than the control in the third instar and a lower rate in the fifth instar, while the non-viruliferous suffered significantly lower survival rates in instars 3-5. These results indicated that infection of WBPH by SRBSDV negatively influences insect survival at temperatures below the optimum growth temperature (25°C) and late in the nymphal period (instar 5), regardless of temperature. Also, WBPH that ingest infected plants without becoming infected themselves (i.e., the nonviruliferous population) had significantly higher survival rates below the optimal temperature and significantly * In the same column at the same temperature, mean values (± SE) followed by different letters differ significantly at the P = 0.05 level by SNK (q-test). 1) One way ANOVA: F = 45.0, df = 2, P = 0.0001 for 20°C; F = 0.04, df = 2, P = 0.9581 for 25°C; F = 2.5, df = 2, P = 0.0914 for 28°C. 2) One way ANOVA: F = 33.7, df = 2, P = 0.0001 for 20°C; F = 10.0, df = 2, P = 0.0001 for 25°C; F = 0.3, df = 2, P = 0.7229 for 28°C. 3) One way ANOVA: F = 9.0, df = 2, P = 0.0003 for 20°C; F = 151.9, df = 2, P = 0.0001 for 25°C; F = 0.5, df = 2, P = 0.5825 for 28°C. 4) One way ANOVA: F = 5.7, df = 2, P = 0.0052 for 20°C; F = 3.3, df = 2, P = 0.0397 for 25°C; F = 0.3, df = 2, P = 0.7547 for 28°C. 5) One way ANOVA: F = 54.8, df = 2, P = 0.0001 for 20°C; F = 2.7, df = 2, P = 0.0776 for 25°C; F = 0.1, df = 2, P = 0.8658 for 28°C.
higher mortality above the optimum growth temperature throughout instars 3-5.
Effects of SRBSDV and infected rice plants on sex ratio and proportion of macropterous WBPH
Compared with the control, the viruliferous population at 20°C had an approximately 1:1 sex ratio and proportion of macropterous adults, while the non-viruliferous population was significantly skewed toward macropterous and female individuals (Figure 2 ). At 25°C, both the viruliferous and the non-viruliferous populations had significantly more macropterous adults than the control, but neither had significantly altered sex ratios. The viruliferous population at 28°C had fewer and the nonviruliferous one had more macropterous adults than the control, although neither population had significantly changed sex ratios. In general, the infected rice had a greater impact on the non-viruliferous population than on the viruliferous one. The impact was more significant on wing type than on sex ratio and was more prevalent at the lower temperature.
Effects of SRBSDV and infected rice plants on longevity of WBPH adults
The longevity of both the viruliferous and the nonviruliferous adults were not significantly altered at 20°C, whereas both were significantly shortened at 25°C, and only the non-viruliferous group had shorter lives at 28°C compared with the control (Figure 3) . These results indicated that SRBSDV-infected plants may adversely affect adult longevity of WBPH, and insect viral infection can attenuate the harmful effects of sub-optimal (cold or warm) temperatures on WBPH longevity.
Effects of SRBSDV and infected rice plants on fecundity of WBPH adults
No significant differences from the control in egg stage duration or hatching rate were found in the viruliferous or non-viruliferous populations, except that the viruliferous group at 28°C had a significantly lower hatching rate (25.4% less) ( Table 2 ). However, oviposition amounts were dramatically reduced at 20°C (41.2% lower for the viruliferous population) and 28°C (viruliferous: 56.1% lower; non-viruliferous: 63.6% lower). At 25°C, the viruliferous population laid 79.7% fewer eggs, but the non-viruliferous population laid nearly the same amount as the control. Similar results were observed in the oviposition rate (egg amount divided by adult longevity). These results suggest that SRBSDV and/or infected plants affected the quantity much more than the quality of WBPH eggs, and the influence varied with temperature. Interestingly, only SRBSDV infection and not the diseased plants themselves affected oviposition of WBPH at its optimum growth temperature (25°C). Figure 1 Survival rates of white-backed planthopper (Sogatella furcifera) nymphs at 20°C, 25°C and 28°C. Sample sizes at 20°C for the viruliferous, non-viruliferous, and control populations were 61, 12, and 36 individuals, respectively; at 25°C were 32, 37, and 38, respectively; and at 28°C were 41, 36, and 38, respectively at 28°C. Values shown are means ± SE. Different letters above the columns for a given instar and temperature indicate that the means that differ significantly at the P = 0.05 level by the SNK test. Numbers of surviving nymphs at each instar, as well as the F, df, and P values, are presented below the columns.
Discussion
As a newly emerged pathogen, SRBSDV poses a severe threat to rice production in China and Vietnam and is currently the only WBPH-transmitted rice virus. In this study, we evaluated the effects of SRBSDV on the life parameters of WBPH and found that both SRBSDV and virus-infected rice plants significantly affected the insect's performance. Some of the effects were temperature-dependent. These results give insight into the virusvector-host plant relationship and may help in monitoring, forecasting, and controlling this viral disease. Many studies have demonstrated that virus-infected host plants can affect the life parameters of insect vectors in different ways [14] [15] [16] [17] . For instance, aphids fed on hosts infected with Potato leaf roll virus benefited from improved survival rate, fecundity, lifespan, and Figure 3 Longevity of white-backed planthopper (Sogatella furcifera) adults at 20°C, 25°C, and 28°C. Samples sizes at 20°C for the viruliferous, non-viruliferous, and control populations were 40, 2, and 28 individuals, respectively (F = 7.2, df = 2, P = 0.0018); at 25°C were 31, 34, and 38, respectively (F = 5.3, df = 2, P = 0.0065); and at 28°C were 41, 24, and 36, respectively (F = 3.7, df = 2, P = 0.0294). Values shown are means ± SE. Different letters above the columns indicate means that differ significantly at the P = 0.05 level by the SNK test.
Figure 2
Proportions of macropterous white-backed planthoppers (Sogatella furcifera) and female adults in different populations. Samples sizes at 20°C for the viruliferous, non-viruliferous, and control populations were 40, 2, and 28 individuals, respectively; at 25°C were 31, 34, and 38, respectively; and at 28°C were 41, 24, and 36, respectively. Values shown are means ± SE. Different letters above the columns for a given temperature indicate means that differ significantly at the P = 0.05 level by the SNK test. The numbers of surviving nymphs at each instar, as well as the F, df, and P values, are presented below the columns.
intrinsic rate of increase compared to those on healthy plants [14] . A population of the invasive tobacco whitefly, Bemisiatabaci, fed for 56 d on tobacco plants infected with Tomato yellow leaf curl China virus (TYLCCNV) or Tobacco curly shoot virus (TbCSV) increased faster in size, had 11-17 times higher fecundity, and a 5-6 times longer lifespan [15] . Conversely, the same insect fed on Cotton leaf curl virus-infected cotton leaves lived shorter lives and laid fewer eggs [16, 17] . However, these previous studies did not analyze the causal factors of the changes in vector performance: the direct impact from insect viral infection and the indirect impact from virus-induced compositional changes in the diseased plants.
Notably, in our study, not all the WBPH individuals became viruliferous after feeding on infected hosts. Therefore, the insects that had been fed diseased plants were divided into two populations, viruliferous and nonviruliferous, to comparatively investigate the viral effects on the life parameters of WBPH, enabling us to differentiate the direct and indirect virus-on-vector impacts. Moreover, to minimize the experimental error due to genetic variation within the WBPH population being tested, we propagated six pairs of field collected insects to the fourth generation and then used the offspring for life parameter tests.
Unexpectedly, a very short period (2 d) of feeding on infected plants early in the WBPH life cycle (first instar nymph) could significantly affect some life parameters of both the viruliferous and the non-viruliferous populations, including a prolonged nymphal stage duration at 20°C and shortened adult lifespan at 25°C (Table 1, Figure 3 ). In addition to insect viral infection (a direct effect), the sap components (nutritional substances, toxins, miRNAs, etc.) in the infected host plant (an indirect effect) might alter the growth and development of WBPH. Previous studies have found that viral infection can alter the nutrient content in the plant sap and subsequently change the life parameters and fecundity of vectors feeding on those plants [18, 19] . However, because nutrition directly affects insect growth and development, a brief change in the nutrient content is unlikely to inflict such considerable and long-lasting effects, as found in this study. The virus-vector interaction can be very complex, involving insect genetics, insect physiology, and/or viral replication. The nonviruliferous insects may have undergone a transient viral infection that was eliminated during the nymphal period but that actually affected the insects.
SRBSDV can propagate well and circulate in the body of WBPH [20] . When the virions enter the insect's intestinal tract, they may be digested by intestinal enzymes, releasing genomic dsRNAs that can degrade into small RNA fragments that might trigger RNA interference (RNAi). Some studies have demonstrated the strong RNAi-inducing activities of dsRNAs ingested or injected into the insect's body [21] [22] [23] [24] , and a recent report showed that ingested plant miRNAs could regulate gene expression in mammals as well [25] . We found that SRBSDV infection remarkably altered the expression profile of rice miRNAs (unpublished data). Xu et al. [26] confirmed a significant change in the WBPH transcriptome after SRBSDV infection. In this study, the survival rates of nymphs ( Figure 1 ) and wing dimorphisms ( Figure 2) were apparently affected by SRBSDV, probably because of damage in functionally-relevant tissues and organs and/or the altered expression of some related genes. More studies will be needed to determine whether SRBSDV and rice miRNAs ingested by WBPH induce RNAi in the insect and consequently affect its life parameters.
The virus-on-vector effects may differ among virusvector-host combinations. Most insect vectors benefit from feeding on virus-infected host plants; in particular, many non-circulative propagative viruses raise the intrinsic rate of increase or the proportion of macropterous adults in natural population of their vectors [27] [28] [29] [30] . For example, the mutualistic symbiosis of B. tabaci and TYLCCNV or TbCSV can facilitate whitefly invasion and enhance the viral disease epidemic [15] . In contrast, some circulative propagative viruses adversely affect their vectors by shortening their lifespans or raising their mortality rates [31, 32] . In this study, a 2-d feeding on diseased plants significantly lengthened nymphal durations at 20°C (Table 1 ), changed survival rates at 20°and 28°C (Figure 1 ), shortened the longevity of viruliferous adults at 25°C and non-viruliferous adult at 25°C and 28°C (Figure 3 ), and decreased oviposition amounts ( Table 2) in WBPH. Although a longer nymphal period benefits viral acquisition and transmission by the nymphs and may increase the plant infection rate, in general, SRBSDV and infected plants are unfavorable for the expansion of the WBPH population. This finding might explain the rapid decrease in SRBSDV occurrence in China in 2011 and 2012 immediately after a period of high prevalence in 2009 and 2010. Similar interactions might also exist between other rice viruses and their vectors and, therefore, lead to intermittent disease epidemics [33] . Further investigation is needed to determine whether the SRBSDV-WBPH relationship restrains viral epidemics and vector populations.
Environmental temperatures can substantially affect insect development and survival. For example, we found faster nymphal maturation in all three WBPH populations at the highest temperature in this study (Table 1) . Temperature may also influence virus propagation and the immunological responses in the vector, so virusinduced effects on the vector may vary under different thermal conditions [34] . The differences in the nymphal period and adult lifespan of the viruliferous population (Table 1, Figure 3 ) suggested that temperature might affect the immunity of WBPH and the propagation of SRBSDV [35] . The differences in nymphal death rate, wing type proportion, and sex ratio between the viruliferous and non-viruliferous populations (Figures 1 and 2) were also temperature-dependent, and whether these differences are associated with RNAi induced by dsRNAs and/or miRNAs in infected rice plants is worthy of future studies.
Conclusions
To analyze the direct and indirect impacts of SRBSDV on WBPH, a persistent vector of the virus, we divided first-instar insects into viruliferous and the nonviruliferous populations after a 48-h feeding period on virus-infected rice using RT-PCR detection. Both the virus and infected rice plants adversely influenced the vector's life parameters, and the effects were temperature dependent. These results will be useful to understand the virus-vector-host plant relationship and will be beneficial for monitoring, forecasting, and controlling this viral disease.
